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Abstract
GeTe has been proposed as the father compound of a new class of functional materials displaying
bulk Rashba effects coupled to ferroelectricity: ferroelectric Rashba semiconductors. In nice agree-
ment with first principle calculations, we show by angular resolved photoemission and piezo-force
microscopy that GeTe displays surface and bulk Rashba bands arising from the intrinsic inversion
symmetry breaking provided by the remanent ferroelectric polarization. This work points to the
possibility to control the spin chirality of bands in GeTe by acting on its ferroelectric polarization.
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Spinorbitronics, i.e. the use of spin-orbit coupling as key ingredient in electronic devices,
is an emerging route in spintronics [1]. After the first demonstration of new concepts, such
as spin-orbit torque for switching the magnetization via momentum transfer from a current
flowing in a high spin-orbit material [2], it is nowadays clear that new materials are needed
in order to bridge the gap towards applications. Besides, using spin-orbit effects in semi-
conductors represents an appealing strategy to implement a spin transistor, the spin-based
analogue of the transistor which represents the ”holy grail” for spintronics. However, even
in the case of the well-known ”Datta-Das” spin-FET architecture [3], so far there have been
only few works dealing with the feasibility of this approach in two-dimensional electron gas
structures [4]. Therefore, semiconductors showing tunable bulk spin-orbit related transport
effects still represent a high ambition in spintronics.
In this paper we investigate the intriguing properties of GeTe, the father compound of
a new class of multifunctional materials: ferroelectric Rashba semiconductors (FERSCs).
They are predicted to display an intrinsic link between ferroelectric (FE) polarization and
spin chirality in Rashba bands, thus paving the way to the electric control of spin transport
properties [5, 6]. By piezo-force microscopy (PFM) and angular resolved photoemission spec-
troscopy (ARPES) we show that rhombohedrally distorted α-GeTe(111) thin films present a
macroscopic built-in FE polarization leading to Rashba splitting of surface and bulk bands,
in excellent agreement with calculations based on density functional theory (DFT).
Below 720 K, GeTe displays a non-centrosymmetric ferroelectric structure (space group
R3m (No. 160)), with Ge and Te ions displaced from the ideal rocksalt sites along the
[111] direction ,so as to display a remanent FE polarization [7–9]. In Figure 1, a sketch
of the GeTe bulk Brillouin zone (BZ) in the rhombohedral setting is reported. According
to Ref. [6], a giant Rashba dispersion is expected in the plane of the hexagonal face (red
hexagon in Fig. 1) centered around the Z point and perpendicular to the [111] direction (kz),
especially along the high symmetry directions ZA (kx) and ZU (ky). To expose the correct
surface to ARPES investigation, we used α-GeTe(111) 20 nm thick films, grown by molecular
beam epitaxy (MBE) [11] on Si(111) slightly p-doped substrates. After growth, GeTe films
have been capped with Si3N4 in the MBE chamber to avoid contamination upon exposure
to atmosphere. Si3N4 stripping has been performed by wet etching in hydrofluoric acid,
before the introduction in the APE beamline station of the Elettra synchrotron radiation
facility. Then the sample has been annealed up to 250 ◦C in UHV to promote contaminants
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FIG. 1. PFM hysteresis loop measured by sweeping the tip voltage (zero, positive, negative, zero)
from the virgin state. The upper left inset shows the BZ of GeTe. The grey six-fold star indicates
the symmetry of isoenergy cuts of bulk Rashba bands at 0.3 eV below the VBM from Ref. [6].
The bottom right inset shows that short and long bonds between Te and Ge planes result in a net
outward FE polarization of the GeTe(111) surface.
desorption and surface ordering.
The first step in the investigation of the FERSC features is the FE characterization of
GeTe thin films. Despite GeTe represents one of the simplest cases of displacive FE, so far
there are only a few papers reporting on its FE behavior [12–16]. Recently Kolobov et al.
[17] have shown by PFM that α-GeTe(111) epitaxial films, like those used in this paper,
but still capped with Si3N4, display FE remanence. We used an Agilent 5600 microscope
operated in PFM mode to probe the FE properties of GeTe films which underwent the very
same surface preparation used for ARPES. In this way we can correlate the structure of
Rashba bands measured by ARPES and the FE polarization. PFM point spectroscopy was
initially performed to check the virgin state polarization, as illustrated in Fig. 1. A clear
hysteresis loop in the phase signal is present, with the virgin state polarization having the
same sign and similar magnitude than that written with negative bias applied to the AFM
tip. This indicates an intrinsic tendency of the films to display an outward polarization (Pup).
The remanence was quite low in these thin films after Si3N4 removal, but still large enough
to write and detect FE domains, thus confirming the existence of an outward polarization
over large areas. This arises from the thermodynamic stability of the Te-terminated surface
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FIG. 2. Band dispersions along kx (ZA,ΓK) for 22.5, 25 and 27.5 eV photon energy along
with bulk Rashba bands (B1 and B2) from Ref. [6] and surface Rashba bands (S1, S2, S3, S4) as
calculated for a relaxed Te-terminated GeTe surface (see also Fig. 4).
of α-GeTe(111), as resulting from DFT calculations [18], which promotes this termination
(see inset of Fig. 1) [19]. As a result of the shorter Ge-Te bonds’ arrangement at the very
surface, the intrinsic surface FE dipole tends to point outwards (Pup in the inset of Fig.
1), as experimentally observed by PFM. This provides the macroscopic symmetry-breaking
necessary to observe the k-splitting of surface Rashba bands in photoemission.
In order to investigate the dispersion of Rashba bands by ARPES, we first selected the
right photon energy at which photoelectrons have initial kz close to the Z point in normal
emission. As the VBM in Z corresponds to the absolute VBM of α-GeTe,[6] the correct value
of hν is that for the topmost occupied band seen in photoemission is closer to the Fermi level.
To this scope we measured E (kx) bands dispersions at various photon energies (hν), from
22.5 to 40 eV, in such a way to cover half of the BZ along ZΓ. In Fig. 2 we concentrate on
dispersions taken at 22.5, 25.0 and 27.5 eV photon energy. For a deeper understanding, we
compare experimental dispersions with theoretical Rashba bands. A general nice agreement
is found with bands calculated by DFT in the rhombohedral setting, as visible in Fig. 2a,
which reports the superposition of bulk (continuous line for negative momenta) and surface
(dashed lines for positive momenta) bands. Red and blue colors indicate bands with spin
perpendicular to the wave vector and circulating clockwise or counter clockwise around the
[111] direction. Close to EF two bands are seen, displaying the typical Rashba zero k-crossing
as well as a downward dispersion as a function of hν which indicates their bulk character.
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FIG. 3. (a) Top: LEED taken at 80 eV; bottom: surface BZ (green) and hexagonal face of the
3D BZ (red) (b) Band dispersion along ky (ZU ,ΓM). (c) Band dispersion along kx (ZA,ΓK).
(d) Zoom of panel 3c in the dashed line rectangle. (e) Experimental isoenergy cut at EF . (f)
Simulated isoenergy cut at EF from theoretical Rashba bands. Parallel segments indicate the
angular broadening of crossing points along (ZA,ΓK) due to rotational domains. In the inner part,
the intersection of the B1 and B2 Rashba bands along ZU and ZA are shown. (g) Experimental
isoenergy cut at 0.8 eV BE. (h) Simulated isoenergy cut from theoretical bulk Rashba bands at
0.8 eV BE.
They correspond to bulk Rashba bands of Ref. [6] (B1 and B2 from now on). Note that
part of the signal seen at 22.5 eV around EF comes from surface Rashba bands S1, S2 and
S3, not dispersing with hν. However, the minimum energy distance from EF of B1 and B2
is found at about 22.5 eV: this is the photon energy we used to probe states around the Z
point.
Note that the band assignment and the corresponding fit of experimental data with DFT
bands of Fig. 2 corresponds to a VBM crossing EF . This is not surprising due to the high
concentration of Ge vacancies in single crystal GeTe (about 10%), which act as acceptors.
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Together with local distortions they are essential for the stability of the crystalline phase
as shown by Wuttig et. al. [20]. Indeed, Hall measurements on very similar GeTe films
indicate a heavy bulk p-doping with hole concentration of 5.3× 1020 cm−3.
Fig. 3a shows a low-energy electron diffraction (LEED) pattern taken at 80 eV from
the sample surface prepared at the APE station. A good pattern with the expected six-
fold symmetry is found after surface preparation in vacuum but with about 14◦ angular
broadening around kz, arising from the presence of five distinct rotational domains.[11] The
surface BZ (dashed green hexagon) and the projection of the hexagonal face of the bulk BZ
(red hexagon) are also shown at the bottom of Fig. 3a, where both bulk and surface high
symmetry points are reported.
In Fig. 3b and 3c we report the band dispersion along ky (ZU ,ΓM) and kx (ZA,ΓK)
down to 1 eV binding energy, measured at 4 K, as compared with bulk and surface Rashba
bands. Along ky (Fig. 3b) the steeply lateral falling signal can be attributed to B1 and B2
bulk Rashba bands, while surface states S1 and S2 cross EF at low momenta (lower than
0.12 A˚−1) and mainly develop in unoccupied states. A tiny signal from a third surface band
(S3) is also seen (dotted line), almost tangent to the Fermi level. Note that the spectral
weight of this band predicted by DFT is much lower than that of S1 and S2 (see Fig. 4)
and this results in a lower intensity, as it is clearly observed in Fig. 3c. Along kx (Fig. 3c),
there is only a diffuse signal arising from bulk (B1 and B2) bands, while the two parallel
surface Rashba bands S1 and S2, re-entering from unoccupied states above 0.2 A˚
−1, are
clearly detected. This is more evident in the zoom of Fig. 3c reported in panel 3d, where
also the presence of some signal from the lowest surface band S3 and the bulk band B1 and
B2 is seen.
The Rashba character of surface bands S1 and S2 can be better appreciated from the
isoenergy cut of Fig. 3e, taken at the Fermi level (EF ). The six couples of parallel segments
centred along the (ZA,ΓK) directions arise from the crossing of the Fermi surface by S1 and
S2 which re-enter from unoccupied states and provide proof of the Rashba character of such
bands. Despite their angular broadening, resulting from rotational domains visible in the
LEED pattern shown in Fig. 3a, a clear k-splitting is detected. In particular they can be
associated to the central portions between the ”arms” of the six-fold stars which are found
by cutting the theoretical surface S1 and S2 Rashba bands at EF . This is shown in panel 3f,
where a distance of the segments from Γ of 0.3 and 0.4 A˚−1 is found, in nice agreement with
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experimental cuts. The ”arms” of the theoretical surface star at EF , instead, stretch along
(ZU,ΓM) but their intersection with the Fermi surface is located at higher momenta, so that
we can only see some signal due to these arms at negative ky (see dashed lines in panel 3e).
Note also the central hole in the isoenergy cut of Fig. 3e, which is an additional indication
of Rashba bands with the characteristic k-crossing at zero momentum. The signal around
this central hole still has the shape of a sixfold star, but this time the arms stretch along ZA
(see the grey star in the left-top inset of Fig. 1a), as expected for bulk Rashba bands. As
a matter of fact, when looking at both panels 3b and 3c, we clearly see that the outermost
band crossing the Fermi surface is B1, along kx (ZA). This is visible also in the inner part
of panel 3f, showing the expected intersection of the theoretical bulk bands B1 and B2 with
the Fermi surface. The orientation of the inner star of Fig. 3e is thus determined by bulk
states. This is rotated by 30 degrees with respect to the outer star associated to surface
states.
To probe only bulk Rashba bands in Fig. 3g we plot the isoenergy cut at 0.8 eV BE,
where surface states are not expected (see Fig. 3b-c). A central circle can be distinguished,
arising from the cut of the top of surface band S4, as well as six circles at about 0.25 A˚
−1
along the equivalent ZU directions, arising from the falling part of B1 and B2 bulk bands
(see Fig. 3b). The nice agreement with theoretical DFT bands is seen in panel 3h, where
the crossing points of B1 and B2 bands with the isoenergy plane at 0.8 eV are shown. At
this energy a six-fold star cannot be detected because bands along ZA stay at much higher
energy (see Fig. 3b). Note that, while the tangential broadening of the experimental circles
at 0.25 A˚
−1
is due to rotational domains, the radial broadening is much higher than that
of the parallel segments seen in Fig. 3e. This signals that this broadening is not purely
experimental but reflects the collapse of the two crossing points of bulk B1 and B2. As
expected from theory, the k-splitting of B1 and B2 bands at 0.8 eV BE is much smaller
than that of S1 and S2 at the Fermi level, thus impeding to distinguish them because of the
intrinsic experimental broadening of bands in our experiment.
Finally, let us stress the link between the direction of the built-in FE polarization (Pup)
and the observation of the k-splitting of S1 and S2 surface Rashba bands. In Fig. 4, we
report surface bands calculated by DFT in case of a Te terminated GeTe surface without
any relaxation. In this way it is possible to arbitrarily set the direction of the FE po-
larization, outward (Pup) or inward (Pdn), while in case of the relaxed surface the unique
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FIG. 4. Theoretical surface Rashba bands calculated for a Te terminated surface with the
polarization Pup (panel a) and Pdn (panel b). Red circles indicate bands with a relevant weight
(proportional to the circle radius) arising from surface Te atoms. Small black dots highlight the
continuum of bulk states in the supercell calculation.
possibility is the more energetically stable Pup [18]. Surface bands are identified plotting
on the surface bandstructures, by means of red circles, the weight of the surface Te atoms
orbital character. A huge Rashba splitting, compatible with experimental data, is seen only
for the Pup termination (Fig. 4a), thus underlying the connection between FE polarization
and surface Rashba observed in GeTe. In fact, for termination with polarization Pdn (Fig.
4b), surface bands are pushed towards the conduction bands, and clear Rashba-like surface
features compatible with experimental data are missing. Note that the entity of this surface
Rashba effect connected to S1 and S2 bands is very high. As shown in Fig. 4a, we estimate
a maximum spin-splitting (∆E) of about 220 meV with a momentum offset (∆k) as large
as 0.16 A˚, for S1 and S2 bands along ky (ZU,ΓM). This value for the energy splitting is by
far one of the largest ever reported so far for surfaces or interfaces [21–26]. Note that, at
variance with all other systems investigated so far, for GeTe the Rashba effect is linked to
the ferroelectric polarization. This unique feature is highly appealing, as the spin chirality
of Rashba bands could be exploited as a state variable electrically controlled and with the
inherent stability associated to the ferroelectric remanence.
To summarize, we have shown that GeTe band structure displays the characteristic fea-
tures of a FERSC material. An intrinsic remanent outwards FE polarization has been de-
tected by PFM, which provides the inversion symmetry breaking needed to observe Rashba
effects. Surface Rashba bands linked to the outwards built-in FE polarization of α-GeTe(111)
films have been identified and clearly disentangled from bulk Rashba states. This work pro-
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vides the first experimental investigation of the intriguing peculiarities of FERSC materials
and paves the way to their use in novel architectures of spintronic devices.
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